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Abstract
Surfactant drag reduction is a flow phenomenon by which as little as a few parts
per million of certain chemical additives can reduce the turbulent pressure loss by
over 80%. Various drag reducing additives exist; however, surfactant drag reducing
additives are unique in their ability to rapidly reassemble after periods of high shear,
making them particularly useful in recirculating systems. Such recirculating systems
include district heating or cooling systems.
One intrinsic limitation of drag reducing solutions is their reduced heat transfer
ability. This limits their usefulness as heat transfer fluids. For this reason, various
methods of increasing heat transfer in drag reducing fluids have been developed. All
of these prior methods, unfortunately, act on not only the drag reducing structures,
but also the bulk solvent. Surfactant drag reducing fluids are also unique in that
due to their self assembled nature, they have the potential to be “switched” on or
off. This is done by modifying the thermodynamic equilibrium structure of surfactant
micelles from drag reducing(heat transfer reducing) structures to non-drag reducing
(non-heat transfer reducing) structures, and back to drag reducing structures.
This has been done with some success by modifying the chemical composition;
however, whatever chemical composition changes that are made need to be reversed.
In the case of pH adjustment, for example, salts accumulate in the system. The most
desirable case would be a self assembled (shear stable) drag reducing solution that can
ii
be switched (for excellent heat transfer) by modifying only the drag reducing nanos-
tructures, and that switch is done only using stimuli intrinsic to a district heating or
cooling system (flow rate or temperature).
In this study, a surfactant drag reducing system was developed showing extreme
responsiveness to very small changes in temperature and flow rate. Furthmore, the
flow rate “switch” could be shifted with temperature and vice versa. These shifts were
correlated with shear viscosity data. These shifts were compared with Cryo-TEM
images, prior work, and predictions from thermodynamics. The switch developed
could be used to understand the structures that cause drag reduction.
iii
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Chapter 1: Introduction
1.1 Drag Reduction
Drag reduction is a phenomenon by which modification of a flow causes a reduction
in the turbulent pressure loss. Drag reducing phenomena can be divided into two
categories - drag reduction by surface modification and by additives. Examples of
drag reduction by surface modification include superhydrophobicity [23] and surface
texturing [19]. Examples of drag reduction by additives include paper pulp [18],
high molecular weight polymers [74], aluminum disoaps [53], and surfactant micelles
[78]. Polymer drag reducing additives have found many applications including the
oil pipe lines [6], fire hoses [17], and undercapacity storm sewers [21]. All of these
aforementioned applications are “once through”‘ systems. This is because polymer
drag reducing additives are permanently degraded after periods of high shear (i.e.
pumps, constrictions, etc.) and lose their drag reducing effectiveness [31]. Therefore,
polymer drag reducing additives must be constantly replenished.
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1.2 Surfactant Drag Reduction
To avoid this issue, various surfactant drag reducing additives have been devel-
oped. Surfactants, or surface active agents, self-assemble into a variety of morpholo-
gies, some of which are drag reducing. These self-assembled structures are able to
reform and regain drag reducing effectiveness after periods of high shear [78] [57].
This makes surfactant drag reducing additives suitable for application to recirculat-
ing systems.
1.3 Surfactant Drag Reducing Additives in Recirculating Heat
Transport Systems
Recirculating heat transport systems are widely used throughout industry for both
heating and cooling. These systems have numerous advantages over dispersed, inde-
pendent heating or cooling units. A centralized heating or cooling unit has lower
maintenance cost, for the same required output a larger heating or cooling unit will
cost less than many smaller units summed together, and waste heat from other pro-
cesses (eg coal combustion for power generation) can be utilized by the surrounding
community. One apparent limitation of these systems is the pumping energy require-
ment to move the working fluid over such long distances. Surfactant drag reducing
additives have been sucessfully been used in district heating systems to reduce the
turbulent pressure loss and thus the pumping energy requirments [33] [45]. However,
surfactant drag reducing additives are still not effective in some systems due to their
reduced convective heat transport, which is always higher than the reduction in drag
[1].
2
1.4 Project Scope
In the following chapters, a review of surfactant micelles, their solutions, and cur-
rent methods of heat transfer enhancement in micelle solutions will be presented. A
novel ”switchable” surfactant drag reducing solution and its development will be de-
scribed. The experimental techniques to characterize the drag reduction, heat trans-
fer, rheological, and structural properties of this novel solution will be illustrated.
Lastly, correlations will be presented between the drag reduction/heat transfer, rhe-
ological, structural, and thermodynamic trends.
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Chapter 2: Literature Review
2.1 Surfactant Micelles
2.1.1 Surfactants
Surfactants, or surface active agents, are ampiphillic molecules consisting of a po-
lar head group and a nonpolar tail. Surfactants can be classified by their headgroup
charge as either cationic, anionic, nonionic, or zwitterionic [12]. Furthermore, surfac-
tants can be classified according to the structure of their skeleton as linear, gemini,
or bolaform [79]. Surfactants are often produced from natural fats, and thus many
commercial surfactants posses a wide distribution of tail lengths.
The thermodynamics of surfactants in solution can be divided into four fundamen-
tal processes: dissolution of the surfactant, aggregation of surfactants, adsorption of
surfactants at interfaces, and transport of surfactants from the bulk to an interface.
Surfactants in aqueous solution are only sparingly soluble due to the large hydropho-
bic tail. Upon addition of surfactants to water, they will dissolve, and then some
amount of the surfactants will migrate to the interfaces. The surfactants arrange
themselves such that the polar head group is in contact with the water while the non-
polar tail is interacting with the interface. This leads to a surface tension lowering
effect. Upon further increase in concentration, surfacatants will spontaneously self
assemble into micelles [52].
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2.1.2 CMC
Various physical properties can be used to measure the concentration of surfac-
tants in aqueous solution. These include conductivity, turbidity, and surface tension.
If one of these properties, such as conductivity, is plotted vs surfactant concentration,
conductivity will increase linearly until a certain concentration. Above that concen-
tration, there is an inflection point, and then conductivity will increase linearly once
again but with a different slope. The intersection of these two straight lines is the
critical micelle concentration (CMC) [52] [78][27]. It can be shown that below the
CMC, the monomer concentration is equal to the total surfactant concentration[52].
Above the CMC, the monomer surfactant concentration varies very little, and any
additional surfactant added goes into the micelles [27].
2.1.3 Micelle Formation
Once above the CMC, surfactant micelles form. There are two models for the
formation of surfactant micelles - micellezation as a chemical rection and micellezation
as a phase equilbrium [27][52].
Micellezation as a Chemical Reaction
Micelle formation as a chemical reaction can be expressed as nS
Kn
Mn where
n is the aggregation number (surfactant molecules per micelle), Kn is the rate con-
stant for formation of a micelle of aggregation number n, S is the surfactant concen-
tration, and Mn is the concentration of micelles of aggregation number n [52] [27].
Treating micelle formation as a chemical reaction is the more rigorous method at low
concentrations [52]. However, due to the large aggregation numbers at higher con-
centrations, one cannot think of a micelle as a chemical species. Furthermore, due to
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the polydispersity of surfactant micelles, the number of rate constants needed to fully
describe the system is unrealistic. Lastly, this mass action model correctly predicts
an increasing micelle concentration at higher surfactant concentrations, but it fails
to predict the very large aggregation numbers that occur in most aqueous systems.
For this reason, at increasing concentrations, it is more common to model surfactant
micelles as a pseduophase [52][27].
Micellezation as a Phase Equilibrium
Thinking of micelles as a separate pseudophase, the micelle size distribution and
micelle geometry at equilibrium are such that the difference in chemical potential
of a surfactant in solution and in a micelle in minimized. In general, the enthalpic
component of micelle formation can be both positive or negative, while the main
driving force for micelle formation is the hydrophobic effect.
The hydrophobic effect, colloquially “like dissolve like”, is the large and positive
change in entropy when oil and water separate. The hydrophobic tail of a surfactant,
when dissolved in water, can be thought of as causing a hole in the hydrogen bonding
of the surrounding water molecules. When the hydrophobic tail is segregated to the
core of the micelle, there is a slight decrease in entropy from constraining the tail;
however, the increase in water-water interactions causes a much larger increase in
entropy, driving micelle formation [27].
However, exactly how surfactants arrange into micelles is more complicated. The
various contributions to the free energy of a micelle pseudophase can be divided into
the transfer free energy, deformation free energy, aggregate core-water interfacial free
energy, head group steric interactions, and head group ionic interactions. Other, less
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commonly considered interactions exist such as dipole-dipole interactions in zwitteri-
onic surfactant micelles, nonideal mixing of unequal tail lengths, packing of unequal
sized headgroups, etc. [54] [55]. The net effects of these contributions to the free
energy will be described in the next section on micelle structure.
The transfer free energy is the energy required to transfer a surfactant’s tail from
the bulk solution to the interior of a micelle. This can be estimated by modeling the
core of the micelle as liquid hydrocarbon (of equivalent composition to the surfactant
tail), and then using data for the solubility of the hydrocarbon in water and in itself.
This is a strong function of hydrocarbon tail length and a function of temperature.
The deformation free energy is the energy required to pack the tails together inside
the micelle. This is a linear function of hydrocarbon tail length and a weak function
of temperature (due to increased thermal motion). Furthermore, double bonds and
bulky groups that make the tail more stiff also contribute to this term. This term is
a function of micelle morphology. This term can be estimated from knowledge of the
tail group’s dimensions and knowledge of the micelle morphology.
The aggregate-core interfacial free energy is the free energy of oily core that is left
unshielded from the water. This can be estimated from surface tension data and is
a function of temperature, tail size, and the size of the surfactant head group when
incorporated into the micelle.
The head group steric energy is caused by the steric repulsions between surfactant
head groups when packed into a micelle. This is a function of head group size.
The head group ionic free energy is caused by the ionic repulsions of the like
charged head groups in the surfactant micelle. This is a complicated function of
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temperature (dehydration of counterions, increase thermal motion of the counteri-
ons), head group size and type, ionic strength and concentration of the counterions,
permitivity of solvent, micelle morphology, and more.
In total, surfactant micelle parameters can be predicted from the sum of the contri-
butions to the free energy, and then minimizing the difference in chemical potential
between a surfactant in the singly dispersed state and in a micelle, ∆µg. This is
expressed as
∆µg = ∆µtransfer + ∆µdeformation + ∆µinterfacial + ∆µsteric + ∆µionic (2.1)
2.1.4 Micelle Structure
The structure of surfactant micelle can be compactly described by its packing
parameter, P. The packing parameter is defined as
P =
V
ael
(2.2)
where V is the volume of the hydrophobic chain, ae is the area per molecule at
the equilibrium aggregate interface, and l is the length of the hydrophobic chain. The
morphology of the surfactant micelle varies with packing parameter:
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Figure 2.1: Micelle morphology with packing parameter [70]
Missing from the above figure is network micelles, which are intermediate between
vesicles and wormlike micelles. Networks form to reduce the number of endcaps [25].
The cumulative effects of temperature and counterion concentration on micelle
structure predicted by thermodynamics(discussed above) are as follows: increasing
the temperature leads to a net decrease in the in the packing parameter (for ionic sur-
factants), increasing counterion concentration leads to a net increase in the packing
parameter [55] [54] [11]. The exact amount the packing parameter changes with these
variables is complicated and varies between different surfactant-counterion combina-
tions.
One particular variation worth mentioning is the difference in how the counteri-
ons bind to the micelles. Hydrotrpoic counterions(counterion with both polar and
non-polar parts) embed in different orientations and to different depths. This can
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lead to a significant difference in the headgroup charge neutralization [77]. Many
commonly used hydrotropic counterions are substituted benzenes. It has been found
that hydrophobic substituients(eg chloro groups) make micellezation more exothermic
[8]. Counterions that deeply penetrate the micelle headgroup plane greatly promote
micelle growth [46]. Counterions with hydrophobic groups oriented toward the hy-
drophobic core and hydrophillic groups oriented toward the micelle surface bind more
strongly [68]. More hydrophobic counterions, such as chloro substitiuted benzenes,
bind more strongly due to their lower solubility [26]. The ability of a counterion to
bind to the micelle strongly effects the micelle head group area[56]. The strong bind-
ing of hydrophobic counterions leads to vesicles forming at relatively low counterion
ratios[26]. Increasing hydrophoboicty of the counterion is analagous to increasing salt
concentration [25].
Besides the packing parameter, the length and flexibility of micelles have dramatic
effect on the rheological properties of their solutions [78]. It is often stated as fact
in the literature that flow aligned wormlike micelles are the cause of drag reduction
[37][4]. Shorter micelles require more deformation to align with flow [73], and below a
certain micelle length, they are no longer drag reducing[77]. The viscosity of wormlike
micelle solutions varies very strongly with micelle length [78].
2.2 Surfactant Drag Reduction
Drag reduction is defined as the fractional reduction in the fanning friction factor
DR =
fsolvent − fDR
fsolvent
(2.3)
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Typically, %DR is plotted vs solvent Reynolds number (Reynolds number calcu-
lated using the density and viscosity of the solvent at experimental conditions). This
decision is a matter of convention to avoid addressing the non-newtonian viscosity of
surfactant solutions. Co-solvent‘s have been successfully used with surfactant drag
reducing solutions. For example, Zhang et al found that significant drag reduction
could be achieved down to 0 degC with up to 28% ethylene glycol in water with
ethoxylated surfactants [81].
Drag reduction vs solvent Reynolds number curves can be shifted to higher flow
rates with increasing counterion concentration [44][40]. With only a few exceptions,
drag reduction curves get shifted to higher Reynolds number with increasing tem-
perature. This can be seen in [41][40][42][81][68][43]. This can be reasoned as the
shortening of micelles with increasing temperature requiring more shear to algin with
flow.
2.3 Surfactant Micelle Rheology
2.3.1 Time-Dependence
Surfactant micelle solutions show various time dependent rheological effects. The
most often of these discusessed is shear induced structure(SIS). SIS has been hypothe-
sized to be giant wormlike micelles formed by end to end collision, fusion, and growth
of shorter rodlike micelles [73][38]. The growth of SIS can lead to massive wormlike
micelles, not observed in the quiescent state. There is even one report of SIS being
visible with the naked eye [72].
Hu and Matthys have published several papers investigating the build up and
decays of SIS. They found that at a steady shear rate, there is an induction time
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before SIS is observed. This induction time varies with rheometer geometry (cone and
plate, parallel plate, concentric cylinder). The induction time also varies with parallel
plate gap and cone and plate radius. The induction time decreases with increasing
shear rate. Interestingly, the shear does not have to be in a constant direction.
Hu and Matthys conducted an experiment with the shear alternating clockwise and
counter-clockwise direction. In this experiment, SIS growth was still observed after an
induction time. Lastly, they found that after a very high preshear (2000/s) intended
to fully shear degrade any SIS structures, the induction time for SIS was shorter than
starting from quiscent. This suggests that SIS fragments were still present; however,
they were not large enough to significantly effect rheological properties [28]. A similar
effect can be seen in drag reduction data, as discussed in section 2.5.2.
2.3.2 Morphological Effects
Viscoelasticity and shear thinning in polymer solutions is caused by the defor-
mation and relaxation of polymer molecules, particularly entangled polymers [11].
Surfactant wormlike micelles have more complicated rheological behavior due to ad-
ditional modes of stress relaxation including chain scission, recombination, monomor
transfer, and node slip [11]. Wormlike micelles are viscoelastic due to worm-worm
entanglements, similar to polymers [56]. Womrlike micelles are also shear thinning
[40] [39]
At high enough counterion concentration, network micelles begin to form to re-
duce the number of end caps (the sharp radius of an end cap is an energetically
unfavorable surfactant packing). These network structures have a lower viscosity
due to an additional mode of stress relaxation - node slip. A branch in a network
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micelle can slide more quickly than wormlike micelles can reptate past one another
[13] [49] [34]. As salt is added, the zero shear viscosity goest through a maxium at
the wormlike to brached micelle transtition [13]. Node slip also causes a reduction
(or elimination) of viscoelasticity [77][40]. Branched micelles can transition to more
viscoelastic wormlike micelles with adequate deformation [56].
Spherical micelles and vesicles typically have uninteresting, newtonian rheologi-
cal behavior [11]. However, vesicles have the potential to transition under shear to
network or branched wormlike micelles [77] [26] [83] [39].
2.3.3 Flow-Imaging Techniques
Mendes et al studied morphological transitions of an ionic surfactant-counterion
combination using Rheo-Small Angle Neutron Scattering (Rheo-SANS). Mendes et
al observed that there is qualitatively an interchability of temperature, counterion
concentration, and deformation rate on the structure of micelles in a couette flow
[50]. The temperature and counterion trends for an ionic surfactant predicted from
thermodynamics [55] [54] match the temperature and counterion trends observed by
Mendes et al. The trends observed by Mendes et all are summarized in the following
figure, which was adapted from Stuart [70] by adding annotations that show the
trends in morphology with packing parameter. The effect of shear rate on packing
parameter is consistent with prior Rheo-SANS results [7].
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Figure 2.2: Packing parameter trends observed by Mendes et al [50]. Annotated and
adapted from Stuart [70].
Rheo SANS data has also shown flow alignment of micelles in shear [24]. Freeze
fracture microscopy experiments after a shear have shown highly entangld and flow
aligned structures (what the authors claimed to be SIS) on the size scale of microns
[30].
Cryogenic Tunneling Electron Microscopy(Cryo-TEM) is a common way to im-
age transient structures. Cryo-TEM involves blotting a sample on a support and
quickly vitrifying it. This has been successfully used to make tentative confirmation
of hypothesized structures [13] [82]. However, the shear from blotting can effect the
observation.
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2.4 Mechanism of Drag Reduction
Various theories have been proposed for the mechanism of drag reduction. Al-
though there is no clear answer to which, if any of the mechanisms are correct, the
following non-exhaustive review show a mixture of quantitative and qualitative agree-
ment with experimental observations.
Drag reducing additives only show a reduction in pressure drop relative to a pure
solvent when in the turbulent regime [37]. It has been shown that drag reducing ad-
ditives have greatly reduced turbulent fluctuations [9][76]. These two statements lead
to the following mechanism of drag reduction: the drag reducing structures suppress
the generation of turbulent vorticies, resulting in a decrease in velocity fluctuations,
and thus a reduction in kinetic energy being dissipated [37].
Along with suppressing turbulence, drag reducing additives modify the turbulent
structure [35] [36] [29]. It appears that drag reducing solutions show a decreased
correlation, or decoupling, of component turbulent fluctuations. This decoupling
causes a reduction in the Reynolds shear stress, and thus a reduction in the drag
coefficient [20].
Another hypothesized modification to the turbulent structure is the idea of sta-
bilization of turbulent vorticies. Turbulent eddies are a composition of progressively
smaller vortexes. Turbulent eddies diffuse energy by cascading kinetic energy down
through the progressively smaller vorticies. When the Reynolds stress in turbulent
flow is on a similar order as the elastic stress in a drag reducing solution, the afore-
mentioned cascading process can be truncated, reducing the energy dissipated [37]
[14] [69] [61].
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It has also been speculated the elastic nanostructures in drag reduced flow absorb
energy from small vortices in the form of elastic stress, and then, through convection,
transport that energy to the larger-scaled vortices. This process greatly decreases the
dissipation of turbulent kinetic energy and thus causing drag reduction [15] [75].
Lastly, it has been proposed that drag reduction is caused by an apparent slip
near the wall. It is claimed that a shear induced “gel-like” phase occurs near the
wall. When the wall shear stress becomes great enough, the gel can fracture leading
to a slip effect, decreasing wall friction, and thus causing drag reduction [16].
2.5 Heat Transfer Enhancement in Drag Reduced Flows
The reduction in turbulence present in drag reduced flow (discussed in section
2.4) as well as a thickened sublaywer [63] cause a reduction the the convective heat
transfer of the flow [78]. This is referred to has heat transfer reduction (HTR) and is
defined as
HTR =
hsolvent − hDR
hsolvent
(2.4)
Heat transfer reduction is always higher than drag reduction [1]. To enhance
heat transfer either the drag reducing structures can be destroyed, the structure
of the flow changed (by modifying the geometry of the heat transfer surface), or the
thermodynamic stability of the micelles can be altered temporarily. These approaches
have been examined and the results of these investigations are described below.
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2.5.1 Destruction of Surfactant Wormlike Micelle Structures
The direct method of enhancing the heat transfer ability of surfactant drag re-
ducing solutions in shell and tube heat exchanges is by destroying their WLM nanos-
tructures at the entrance to the exchanger so that the solution exhibits “water-like”
heat transfer behavior while passing through all or most of the exchanger. The WLM
structures then reassemble downstream so that drag reducing behavior is regained.
The effects of these techniques to destroy the micelle nanostructures to give heat
transfer enhancement depends on their destruction effectiveness and also on the re-
covery time of the micelles, which can reform in seconds[57] causing the solution to
become drag reducing again within the heat exchanger.
Both static mixers and honeycombs at the entrance to the heat exchanger were
studied by Qi et al [57]. These are easy to install, with no moving parts, and so
would be convenient to retrofit existing heat exchangers. In those experiments HTR
at Reynolds numbers of 20,000 to 50,000 without the devices reached as high as
65%. The insertion of a honeycomb (Figure 2.3C) at the entrance had little effect
on the heat transfer. However, with five elements of plastic Static Mixer B (Figure
2.3B) HTR was lowered to 40%. The static mixer, while moderately effective caused
significant pressure losses thus reducing the advantage of using the drag reducing
additive. See Section 2.5.3 for a discussion of metal Static Mixer A, which utilized a
different mechanism of heat transfer enhancement.
Qi, et al [60] investigated the effect of exposing drag reducing solutions to ul-
trasonic energy radiation. This broke up the surfactant WLM nanostructures which
reduced their turbulence inhibition effect and enhanced the solution’s heat transfer
ability. HTR was decreased to 24% from 82% with 300 seconds of ultrasonic exposure.
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Figure 2.3: Previously studied static mixing devices [57]: A) twisted tape turbulator
- “metal Static Mixer A”, B) alternating helix mixer - “plastic Static Mixer B”, C)
honeycomb
While this technique was effective in enhancing heat transfer, the amount of energy
required was large, and imparting such a large amount of energy for micelle breakup
to a solution flowing at 1 meter /second or more is not practical.
2.5.2 Recovery after a destructive device
Gasljevic [22] and Suzuki [71] studied the recovery time of a drag reducing surfac-
tant solution after a sudden contraction. A solution of 2300 ppm Ethoquad T13-50
and 2000 ppm NaSal was subjected to a pressure drop of over 5 bar by a throttling
valve [?]. Downstream of the valve, pressure drop measurements were taken to de-
termine the recovery of drag reduction. Drag reduction was not fully recovered after
1000 diameters downstream of the valve. Suzuki found a similar result in flow through
a rectangular duct with a sudden expansion followed by a contraction from a duct
size of 60 × 150 mm to a size of 20 × 50 mm [71]. It was found that between 1000
and 2000 hydraulic diameters were required for fully developed DR flow following the
sudden contraction in the solution of 1000 ppm Ethoquad O/12 and 600 ppm NaSal
18
(1.5:1 counterion ratio). These are in contrast to the recovery time after the shear
degradation devices, described earlier and tested by Qi that recovered after about 480
tube diameters [57].
With the nonionic surfactant SPE 95285, found that the recovery of drag reduction
after a shear degradation device was only time based, independent of velocity [22]. But
with cationic surfactant Ethoquad T13/50 and NaSal counterion, Matthys observed
a recovery length below a critical pressure drop of 3.1 bar across the destructive mesh
used. Above that critical pressure drop, it was not possible to measure the recovery
time of the solution. Bellamy et al. claimed that the difference between the recovery
time and recovery length observed was because below a certain stress, a degradation
device destroys the shear induced structures, but not its constituent micelles [2].
Bewersdorff and Ohlendorf observed that in tube flow if a certain flow rate was ex-
ceeded, the high shear stress would result in complete loss of drag reduction [3]. Upon
lowering the flow rate drag reduction was regained immediately, however the forma-
tion of the micelles in the solutions used (n-tetradecyltrimethylammonium salicylate
and hexadecyltrimethylammonium salicylate) took on the order of 103 to 104 seconds.
They also attributed this behavior to the destruction of superordered structures that
cause drag reduction while leaving the individual micelles intact.
Hu and Matthys studied the redevelopment of the first normal stress difference
(N1) after a degrading preshear [28]. N1 is an indicator of viscoelasticity, which is
believed by many to be necessary for DR in surfactant solutions. With a solution of
5 mM tris (2-hydroxyethyl) tallowalkyl ammonium acetate and 5 mM NaSal it took
60 seconds at a shear rate of 100/s before the onset of N1. Then, they presheared
the solution for 50 seconds at a rate of 2000/s which was high enough to degrade the
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solution, resulting in a zero value for N1. Interestingly, when they lowered the shear
rate sharply from 2000 to 100/s, the N1 immediately begin to develop, without the
60 second induction time. They speculated that there existed some smaller micelle
structures that survived the preshear but were not large enough to produce N1, and
upon lowering the shear rate larger structures reassembled much more quickly than
the same sample without pre-shearing.
Qi reported that with a fixed flow rate at 55 ◦C the recovery length after a static
mixer was 480 tube diameters (about 2.5 seconds) while at 60 ◦C the length was
reduced to 420 diameters (about 2 seconds). This could be attributed to the smaller
micelles present in ionic surfactant solutions at higher temperatures [47]. Smaller
micelles are more able to rearrange themselves into SIS [3]. These results support the
aforementioned recovery results that below a certain stress applied to the solution
the recovery times are much quicker.
Although there are challenges in understanding and designing shear degradation
devices, they are relatively simple to install. Other destructive methods such as pH
adjustments or exposure to UV light are easier to quantify in terms of recovery, but
can be more complicated to implement. These methods and others are discussed in
the following sections.
2.5.3 Modification of Flow Structure
The other approach to enhancing heat transfer in DR solutions is to modify the
wall boundary layer and/or to increase radial turbulence intensity and hence radial
heat transport. The following approaches have shown moderate or significant heat
transfer enhancement.
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In a study by Kishimoto et al. [32], cooling of a cationic drag reducing surfactant
solution in a concentric tube heat exchanger was enhanced by modifying the turbulent
structure with spirally grooved inner tubes. A smooth inner tube and two grooved
tubes with different pitches were compared. It was found that the flow velocity range
in which drag reduction and heat transfer reduction occurred in both grooved tubes
became significantly narrower than that of the smooth tube. The fluted tube with
the greater pitch was found to have a lower heat transfer coefficient than water at all
velocities tested; however, the heat transfer coefficient of the less pitched of the two
grooved tubes in a linear velocity rate range of 1.5 to 2.0 m/s (compared to the typical
DHC system operating range of 1.0 to 2.0 m/s) was found to exceed that of water in
a smooth tube. The increase in heat transfer was correlated with the increased shear
at the tube wall.
The use of a fluted tube heat exchanger to increase heat transfer in cooling of
both a cationic surfactant solution (Ethoquad T-1350) and a zwitterionic/anionic
surfactant solution (SPE98330) was investigated by Qi et al. [58]. The Nusselt
number reported for the Ethoquad T13-50 solution in the fluted tube (Figure 2.4)
was more than 1.2 times that of water in a smooth tube and the ratio of pressure
drop of Ethoquad T13-50 solution in the fluted tube to that of water in a smooth
tube of equivalent diameter varied from 2.6 to 3.5 from 50 ◦C to 55 ◦C. For the
SPE98330 solution the heat transfer coefficient was at least 1.4 times that of water
in a straight tube with only mild pressure drop penalty. It was suggested that the
discrepancy between enhancement results between the two solutions was due to a
weaker nanostructure in the SPE98330 solution, allowing shear degradation within
the fluted tube.
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Figure 2.4: Fluted tube
While the pressure drop penalty for fluted tubes is relatively small [58], retrofitting
a heat exchanger to employ grooved or fluted tubes would be impractical in many
applications.
Since heat transfer is in the normal distance from the wall, Shi, et al. [67] studied
the design of a high efficiency vortex (HEV) static mixer designed to promote radial
turbulence intensity to enhance heat transfer but which had little effect on axial
intensity, so as to minimize axial turbulence dissipation.
This static mixer concept involved forming tabs at the conduit wall inclined at a
certain angle to the flow direction such that it enhances heat transfer between the wall
and the flowing stream with the minimum amount of turbulent energy dissipation.
Figure 2.5 illustrates the HEV design and Figure 2.6 shows the amount of heat transfer
enhancement compared with static mixers.
Christensen and Zakin [10] reported that the reduction in heat transfer coefficient
for a surfactant drag reducing solution in a chevron plate heat exchanger was 10-65%
compared with up to 90+% for the same solution in a tube-in-tube heat exchanger.
They attributed this to the chevron providing a pathway that inhibits wall boundary
layer buildup. The economic viability of the use of such a plate heat exchanger in
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Figure 2.5: Design of HEV (not to scale)
Figure 2.6: HTR vs Re for HEV (triangles), helical mixer (crosses), and no device
(circles)
a particular application would depend on the capital and maintenance costs for this
type of heat exchanger and on the suitability of the plate heat exchanger for the
operating conditions.
Qi et al. [57] also tested the effectiveness of another type of static mixer to enhance
heat transfer. A metal static mixer wih 15 elements designed to promote swirling flow
(Figure 2.3A) inserted at the entrance to the heat exchanger decreased HTR% to less
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than 40% but caused a pressure drop across the exchanger of 4x that of water flow
with no device.
Our research group recently studied the effects of agitated heat exchangers on the
heat transfer coefficients of a surfactant drag reducing solution. These devices were
based on common designs of commercial scraped surface heat exchangers.
Using this method, there is no limit to the amount HTR% can be decreased,
because the rotation rate of the agitator can be increased until HTR% reaches the
desired level, at the cost of increasing power consumption. In this study, HTR%
reached as low as -20%. By contrast, micelle destruction methods can only reach a
minimum of 0% HTR.
The energy efficiency of the enhancement was better than most previously stud-
ied static devices, especially at high Reynolds numbers, and was comparable to the
twisted tape turbulator studied by Qi et al. [57] [48].
2.5.4 Modification of Micelle Thermodynamic Stability
The minimum possible energy to have near water like heat transfer in a surfac-
tant drag reducing solution would be the amount of energy required to make the
nanostructures non-drag reducing without perturbing the solvent. To attempt to
accomplish, various stimuli response or “smart” fluids have been developed.
Cationic surfactant drag reducing systems require an appropriate counterion to
diffuse their positive charge facing the water phase and promote the growth of long
wormlike micelles which modify the structure of the turbulent flow. If the molec-
ular configuration of effective counterions can be altered at the entrance to a heat
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exchanger to form an ineffective structure, the solution would lose its drag reduction
character and show Newtonian properties with greatly enhanced heat transport.
Figure 2.7: System for switchable drag reduction by photosensitive counterion
Shi, et al [65] studied light responsive counterions which were very effective as
drag reducing counterions with cationic surfactants in trans configuration but not in
the cis configuration. Thus if the drag reducing trans configuration counterion could
be irradiated with UV light at the heat exchanger entrance and converted to the cis
configuration, heat transfer would be enhanced in the exchanger. Irradiation with
ordinary light would cause a reversal back to the drag reducing trans configuration.
Figure 2.7 depicts this heat transfer enhancement method.
Despite the potential effectiveness of this approach, it requires more light energy to
be absorbed by the solution at both ends of the heat exchanger than can be imparted
to the flowing solution in a practical application.
pH responsive TLM systems have been developed by use of either pH sensitive
surfactants or pH responsive counter ions. Such a chemical system could be used to
promote heat transfer in drag reducing surfactant systems with local and reversible
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pH adjustments by changing the geometry of the micelles [38] or flocculating the
TLMs [66].
In the study by Shi et al. [66] using flocculation as a means to control drag
reduction, it was shown that DR% could be changed between 80% and -20% over a
pH range of approximately 2.0. Furthermore, their system was shown to be stable
and reversible even after five pH cycles (from pH ∼3 to ∼10 and back).
Mizunuma [51] studied the heat transfer of viscoelastic and non-viscoelastic drag
reducing surfactant solutions with excess counterions both in impinging jet and tube
flow. The solutions studied were Ethoquad O/12 with sodium salicylate counterion in
varying molar ratios ranging from 1:1 to 100:1. It was found that the effect of excess
counterion ratio had little effect on heat transfer in tube flow; however, it was found
that the reduction in heat transfer of the impinging jet disappeared with increased
Re in the 1800 ppm 1:1 and 760 ppm 3:1 solutions. Also, the 400 ppm 30:1 and
400 ppm 100:1 solutions did not have any loss in heat transfer in the impinging jet
flow. It was suggested that the disappearance in heat transfer reduction could be
attributed to breakup of the micelles and that a combination of high counterion ratio
and high shear at the heat exchanger entrance could lead to effective heat transfer
enhancement of surfactant solutions.
Portions of this section were adapted from: Zakin, J. L., Maxson, A. J., Watson, L.
J. (2016). “A Review of Studies of Heat Transfer Enhancement in Turbulent Drag
Reducing Surfactant Solutions.” 12th International Heat Transfer, Fluid Mechanics,
and Thermodynamics Conference.
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2.6 Applications of Drag Reducing Additives
Drag reduction in turbulent flow of hydrocarbons containing small amounts of
high polymer was first reported by Toms about 70 years ago. Previously, Mysels
and his coworkers had observed similar behavior in solutions of aluminum disoaps.
A few years later, drag reduction behavior was observed in dilute aqueous-surfactant
solutions in which long wormlike micelles were present. In the late 1970’s this phe-
nomenon found its first commercial application when high molecular weight polymer
was added to crude oil flowing through the 800-mile Alyeska pipeline. Crude flow was
increased by about 25% with no additional pumps.
However high molecular weight polymers are not suited for use in recirculation
systems because the high shear encountered in pumps breaks the primary chemical
bonds within the polymer chains. The resulting low molecular weight polymer chain
fragments are not efficient drag reducers, and they do not reassemble. On the other
hand, surfactant micelles are held together by secondary forces and they reform (self-
associate) very quickly after break-up in high shear regions (pumps). Thus, they are
effective in recirculation systems.
District heating systems are widely used to heat buildings in urban locations in
northern Europe and are also found in the US, Canada, Eastern Europe and other
locales. These systems circulate hot water and exchange heat with each building
thus relieving the buildings of the need for heat sources (furnaces) and the related
investment, space, and maintenance required. They generally utilize cheap waste
heat from nearby power plants to heat the circulating water. District cooling systems
are utilized with the same advantages in some warm climate regions, particularly the
United States and Japan. Applications in single-building air conditioning systems
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have achieved 20-60% decreases in pumping power requirements [62]. Adding a drag
reducing surfactant additive to the recirculating water could decrease pumping energy
requirements of these systems by 50% or more. Various other applications of drag
reducing additives include fire hoses [17], undercapcity storm sewers [21].
2.7 Summary
In summary, drag reducing surfactant solutions show a very diverse and complex
range of morphological transitions. These transitions are controlled by tempera-
ture, counterion concentration, molecular structure, deformation, and more in very
complicated and little understood ways. Attempts have been made to unite the ther-
modnamic predictions, rheology, and imaging techniques; however, little attempt has
been made to unite these fields of study with drag reduction data. Furthermore, the
mechanism of drag reduction is far from agreed upon. For these reasons, most current
heat transfer enhancement techniques have exclusively relied on empiricism.
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Chapter 3: Experimental Methods
3.1 Chemicals and Solution Preparation
Cetyltrimethylammounium cationic surfactant Arquad 16-50 acquired from Akzo
Nobel with a known distribution of alkyl chain lengths was used. Specifically, C14
comprises approximately 12% of the alkyl chains, C15 1%, C16 75%, C17 1% and
C18 11%. The surfactant is packaged as a concentrate with solvent content of 50
wt percent. The solvent is an aqueous ispopropanol mixture. The couterion, 3-
chlorobenzoic acid was purchased in crystalline powder form from Fisher Scientific at
greater than 99% purity. Solid NaOH pellets purchased from Mallinckrodt Chemical
were added in equimolar ratio to the counterion.
Drag reduction and heat transfer reduction data was repeated on three different
batches of the following solution. Arquad 16-50 concentrate was diluted with water to
a concentration of 5 mM and a volume of 12 L. To this, 5 mM of the 3-chlorobenzoic
acid was added as a counterion. The NaOH was added and the stock solution was
mixed for 30 minutes using a high speed agitator. 2 L of this solution was used to
rinse out the drag reducing flow loop. The remaining 10 liters were then added, and
allowed to sit in the flow loop for 3 days before taking data.
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At the end of each drag reduction experiment, a sample was saved for rheological
testing. The 1.1:1 and 1.2:1 counterion ratio samples were made by adding counterion
and NaOH to an amount of the 1:1 sample from the drag reducing system.
3.2 Drag Reduction Measurement
All tests were performed in a recirculating flow system with a capacity of approx-
imately 16 L and a total pipe length of approximately 22 m. Water was recirculated
through the system by an Oberdorfer N7000S15 gear pump. The pump’s max speed
was 6 gpm. Flow was capped at 5 gpm due to component pressure limits. The min-
imum flow rate was chosen to be 0.8 gpm, under which the flow is no longer fully
turbulent. With a 10 L test volume, the residence time of the system is estimated to
be between 30 and 200 seconds, depending on the flow rate.
The flow loop begins with a cylindrical, steel reservoir tank with maximum ca-
pacity of 12 L and is pumped first through a 2.18 m pressure drop test section.
Differential pressure was measured across the pressure drop test section by one 0-10
psi Omega PX2300 pressure transmitter. Pressure readings were recorded using an
Omega DaqBoard 2000 data acquisition system. The solution then passes through
a fluted tube heat exchanger with process chilled water flowing through the shell
in order to maintain a steady temperature in the flow loop. The test solution then
passes through the 0.91 m countercurrent cocentric tube heat exchanger. Hot water
is supplied to the annulus of the heat exchanger, supplied by a 1600 W heated water
bath. The solution then flows back into the reservoir tank.
Temperature measurements were done with t-type thermocouples and BAT-10
multipurpose thermometers from PhysiTemp, Inc. Temperature readings were taken
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in five locations across the system: The entrance to the pressure drop section, and
the entrance and exit of both the annulus and the tube of the cocentric tube heat
exchanger. The latter four were used to measure temperature differences across both
the tube and the annulus of the heat exchanger with an accuracy of 0.01 degC. A
single helical static mixer was placed in the tube down stream of the shell and tube
heat exchanger. This was to ensure a uniform temperature distribution at the outlet
of the heat exchanger.
Flow rates of the test solution through the recirculating system, the chilled and
the heated water in the shells of both heat exchangers were monitored using Toshiba
LF-404 electromagnetic flow meters. The test solution’s flow rate was controlled
through the use of a motor speed controller for the recirculating pump. The chilled
water flow rate was controlled using a needle valve. The flow rate of the heated water
through the annulus of the cocentric tube heat exchanger was maintained at 1.9 gpm.
The differential pressure readings were used to calculate the fanning friction factor
of the drag reduced flow as
f =
∆Pd
2Lρv2
(3.1)
Where f is the friction factor, ∆P is the pressure drop, d is the tube diameter, L
is the length over which the pressure drop was measured, v is the velocity, and ρ is
the solvent density. The friction factor for water at the same flow rate was calculated
using the Prandtl-Karman equation:
1√
f
= 4log10(Re
√
f)− 0.4 (3.2)
and Re is the solvent Reynolds number defined as
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Re =
ρvd
µ
(3.3)
where µ is the solvent dynamic viscosity. Percent drag reduction was then calcu-
lated as
DR =
fsolvent − fDR
fsolvent
(3.4)
Drag reduction was measured at either a fixed temperature or a fixed solvent
Reynolds number. After changing system conditions, the temperatures and flow rates
were allowed to reach steady state over a period of approximately one minute and
held to a tolerance of ±0.01 gpm or ±0.1 degC.
3.3 Rheological Measurements
Shear viscosity was measured using a Anton Paar MCR500 rheometer with a CC
27, 27 mm couette geometry and a TEZ300 temperature controller. Each viscosity
measurement was averaged over 5 seconds, and 50 points were measured per sweep,
with each sweep ranging from 1 to 800/s. The shear rates were ramped up step wise.
3.4 Cryo-TEM
Liquid samples for cryo-TEM imaging were prepared at Ohio State University.
Cryo-TEM images were taken at the Technion Laboratory for Electron Microscopy
of Soft Matter, supported by the Technion Russell Berrie Nanotechnology institute
(RBNI). Details of cryoTEM sample preparation have been described elsewhere, per-
formed in the Laboratory of Electron Microscopy of Soft Matter [64, 80].
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Chapter 4: Results and Discussion
4.1 Introduction and Solution Development
Because surfactant drag reducing solutions are so dilute, and attempts to degrade
or otherwise change the drag reducing structures present are dampened by the rel-
atively large mass of solvent, it is desirable to develop a switchable solution catered
to specifically controlling the drag reducing nanostructures. It is also desirable that
any heat transfer enhancement methods do not require any additional equipment or
addition of foreign material, that would not otherwise be present in a district heat
transport application. This is made more difficult by the fact that the actual structure
of surfactant micelles in drag reduced flow is not fully understood. If the structure
of surfactant micelles in drag reduced flow was understood, then a switch tailored
to that structure could be developed from first principals. Furthermore, with bet-
ter understanding, switchable solutions could be tuned on the bench scale (i.e. in a
rheometer) before being tested in large scale recirculating flow loops.
In order to attempt to infer the micelle structure in drag reduced flow, literature
drag reduction data was reviewed through the lens of micelle packing parameter and
length trends discussed in section 2.1.4. Based on a qualitative review of the drag
reduction literature, it appears that drag reducing solutions typically have a higher
Reynolds number of the onset of drag reduction at higher temperatures. However,
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Lu et al. incidentally showed this was not always the case [43]. In this paper, a
solution of 5 mM Arquad 16-50 and 12.5 mM 4-chlorobenzoate showed the typical
drag reduction curves being shifted to high flow rates with increasing temperature.
This is hypothesized to be due to shortening of wormlike micelles, as discussed in
section 2.1.4. However, Lu et al also showed drag reduction curves of a solution
of 5 mM Arquad 16-50 and 12.5 mM 3-chlorobenzoate shifting to lower flow rates
with increasing temperature, indicative of a possible structural transition occurring
in the 3-chloro solution but not in the 4-chloro solution. It was hypothesized that this
difference was due to differing micro structures of the quiescent state. It was predicted
that typical drag reducing solutions are wormlike micelles (at least in the entire drag
reducing regime), which then become progressively shorter at higher temperatures
and thus the drag reduction curves shifted to progressively higher flow rates. On the
other hand, it was predicted that the 3-chloro solution was initially vesicles. Using the
interchangeability of shear and temperature claimed by Mendes et al, it follows that
at higher temperatures it takes less shear for a vesicle to wormlike micelle transition,
so the drag reduction curves get shifted to lower flow rates at increasing temperature.
These structures are tentatively confirmed by the cryo-TEM images published in
Lu et al [43]; however the blotting step in taking a cryo-TEM image confounds shear
effects, and a relaxation time was not specified [43]. These solutions were remade,
along with various counterion ratio analogues, to probe the hypothesized structural
transitions in more detail. It was anticipated that lowering the 3-chloro solution’s
counterion ratio to 1:1 would cause a vesicle to wormlike micelle transition, and have
similar behavior to the 4-chloro solution. This was true; however, in addition, it was
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discovered that 1:1 counterion ratio 3-chloro solution showed amazing and undocu-
mented switchability. Due to constrained time, this final product was investigated
and documented in more detail than the mechanistic underpinnings which this author
set out to investigate.
4.2 Drag Reduction
The following scatter plot shows drag reduction vs Reynolds number and tem-
perature of the 3-chloro switchable solution. It can be seen that DR can be sharply
switched off with increasing Reynolds number, and then switched on again by a slight
increase in temperature. This process can be traced reversibly along a 3D path on
a scatterplot of DR vs temperature vs Reynolds number. The data shown is a com-
position of three different batches of the 3-chloro solution. This data was taken by
several different experimenters on solutions of various ages. There is also some messi-
ness in this data due to a hysteresis that sometimes occurs in both the temperature
and Reynolds number shift. The amount of hystersis varies by how quickly the ex-
periment is ran. The temperature-shear superposition can be seen more clearly in a
subset from a single experiment taken by one experimenter in one day on one batch of
the solution in figure 4.2. This flow rate ”switch” occurs over less than 0.01 gpm(the
resolution of the flow meter used) in half inch tubing. To get the apparently vertical
data in the following graphs, the temperature and/or flow rate was allowed to slowly
increase or slowly decrease over several minutes, effectively interpolating between flow
rate or temperature measurements.
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Figure 4.1: Drag reduction vs Reynolds number at various temperatures of 5mM
Arquad 16-50, 5 mM 3-chloro benzoic acid, 5 mM NaOH
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Figure 4.2: Subset of drag reduction vs Reynolds number data at various temperatures
of 5mM Arquad 16-50, 5 mM 3-chloro benzoic acid, 5 mM NaOH
More precisely documented experimentation would be required to separate the
cause of variation between solution batches and experiments.
Figure 4.3 is a subset of the data showing the temperature ”switch”. The switch
can occur over as little as 0.1 degrees Celsius. This data subset also illustrates the
importance of hystersis in this system.
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Figure 4.3: Drag reduction vs temperature at various Reynolds Numbers of 5mM
Arquad 16-50, 5 mM 3-chloro benzoic acid, 5 mM NaOH
Both the flow rate and temperature ”switch” occurred in seconds.
4.3 Rheology
The following two sets of graphs show shear viscosity vs shear rate for 3 different
counterion ratios of the 3-chlorobenzoate and 5 mM Arquad 16-50. Also shown for
reference is 2.5 to 1 4-chlorobenzoate 5 mM Arquad 16-50, and completely typical sur-
factant drag reducing solution. The first set of graph groups the data by temperature
while the second set groups the data by counterion ratio.
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It can be seen that the switchable (3-chloro) solutions show an unusual dip in the
shear viscosity at intermediate shear rates. This dip, at low temperatures tends to
flatten and converge to the typical drag reducing solution at higher counterion ratios.
At higher temperatures, the dip is unaffected by increasing the counterion ratio.
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Figure 4.4: Shear viscosity vs shear rate of 5 mM Arquad 16-50 with 5, 5.5, or 6 mM
3-chloro benzoic acid (with 5, 5.5, or 6mM NaOH respectively) or 12.5 mM 4-chloro
benzoic acid and 12.5 mM NaOH at 20 degrees Celsius.
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Figure 4.5: Shear viscosity vs shear rate of 5 mM Arquad 16-50 with 5, 5.5, or 6 mM
3-chloro benzoic acid (with 5, 5.5, or 6mM NaOH respectively) or 12.5 mM 4-chloro
benzoic acid and 12.5 mM NaOH at 22.5 degrees Celsius.
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Figure 4.6: Shear viscosity vs shear rate of 5 mM Arquad 16-50 with 5, 5.5, or 6 mM
3-chloro benzoic acid (with 5, 5.5, or 6mM NaOH respectively) or 12.5 mM 4-chloro
benzoic acid and 12.5 mM NaOH at 25 degrees Celsius.
41
0.001
0.01
0.1
1
0.1 1 10 100 1000
Sh
e
ar
 V
is
co
si
ty
 (
P
a
-s
)
Shear Rate (1/s)
1to1
1.1to1
1.2to1
4-Chloro 2.5to1
Figure 4.7: Shear viscosity vs shear rate of 5 mM Arquad 16-50 with 5, 5.5, or 6 mM
3-chloro benzoic acid (with 5, 5.5, or 6mM NaOH respectively) or 12.5 mM 4-chloro
benzoic acid and 12.5 mM NaOH at 30 degrees Celsius.
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Figure 4.8: Shear viscosity vs shear rate of 5 mM Arquad 16-50 with 5, 5.5, or 6 mM
3-chloro benzoic acid (with 5, 5.5, or 6mM NaOH respectively) or 12.5 mM 4-chloro
benzoic acid and 12.5 mM NaOH at 35 degrees Celsius.
Also, the end of the dip is shifted to progressively higher shear rates at progres-
sively higher temperatures. This shifting matches the shifts seen in the drag reducing
data - if the end of the dip corresponds to where the drop off in drag reduction oc-
curs, then the increasing shear rate before the dip ends with increase temperature
corresponds to the increase in Re of the drop off of drag reducing data with increasing
temperature.
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Figure 4.9: Shear viscosity vs shear rate of 5 mM Arquad 16-50, 5 mM 3-chloro
benzoic acid, 5 mM NaOH at various temperatures
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Figure 4.10: Shear viscosity vs shear rate of 5 mM Arquad 16-50, 5.5 mM 3-chloro
benzoic acid, 5.5 mM NaOH at various temperatures
45
0.001
0.01
0.1
1
0.1 1 10 100 1000
Sh
e
ar
 V
is
co
si
ty
 (
P
a-
s)
Shear Rate (1/s)
19 degC
22.5 degC
30 degC
30 degC
25 degC
35 degC
Figure 4.11: Shear viscosity vs shear rate of 5 mM Arquad 16-50, 6 mM 3-chloro
benzoic acid, 6 mM NaOH at various temperatures
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Figure 4.12: Shear viscosity vs shear rate of 5 mM Arquad 16-50, 12.5 mM 4-chloro
benzoic acid, 12.5 mM NaOH at various temperatures
As far as this author knows, this is the only so direct correlation between drag
reduction and rheology data.
The slope of the growth of the hump in the shear viscosity vs shear rate curves
was plotted vs temperature, at the suggestion of Dr. Robert Brodkey. Although
more data is required, it appears to have some Arrhenius-like behavior, which can be
likened to some of Dr. Brodkey’s early work in his kinetic theory of polymer rheology
[5].
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Figure 4.13: Slope of growth of shear viscosity hump vs temperature at 1to1, 1.1to1,
and 1.2to1 counterion to surfactant ratios of the 5 mM Arquad 16-50, X mM 3-chloro
benzoic acid, and X mM NaOH
A similar shear viscosity curve can be seen in the following figure of 5 mM Arquad
16-50 with 5 mM dimethyl benzoate from Qi et al.
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Figure 4.14: Shear viscosity vs shear rate from [59]
Both the dimethyl and the chloro benzoate substitutents are highly hydrophobic.
4.4 Cryo-TEM
Cryo-TEM images were taken at 18 degrees Celsius and 30 degrees Celsius. At
each temperature, images were taken with and without a relaxation time before vit-
rifying the specimen. These conditions were intended to show the structure above
and below the shear ”switch” loss of drag reduction - the 18 degrees Celsius sample
would shear switch while the 30 degrees Celsius sample would not.
The 30 degrees Celsius images show unusual membrane like agglomerates of thread-
like micelles. The constituent threadlike micelles are very visible in figure 4.16, taken
after a 10 second relaxation before vitrification. Prof. Talmon, a world expert in
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imaging of surfactant micelles, has never seen structures like these sheets of aggre-
gated threadlike micelles. The image taken without a relaxation is a nearly uniform
membrane.
Figure 4.15: Cryo-TEM image of 5 mM Arquad 16-50, 5 mM 3-chloro benzoic acid,
5 mM NaOH vitrified from 30 degrees Celsius with no relaxation time
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Figure 4.16: Cryo-TEM image of 5 mM Arquad 16-50, 5 mM 3-chloro benzoic acid,
5 mM NaOH vitrified from 30 degrees Celsius with 10 seconds relaxation time
At 18 degrees Celsius, very long and unbranched wormlike micelles were present.
The image taken without relaxation showed near perfectly aligned micelles, while the
sample with a 30 second relaxation was entangled and randomly oriented.
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Figure 4.17: Cryo-TEM image of 5 mM Arquad 16-50, 5 mM 3-chloro benzoic acid,
5 mM NaOH vitrified from 18 degrees Celsius with no relaxation time
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Figure 4.18: Cryo-TEM image of 5 mM Arquad 16-50, 5 mM 3-chloro benzoic acid,
5 mM NaOH vitrified from 18 degrees Celsius with 30 seconds relaxation time
These increase in packing parameter with increasing temperature shown in the
Cryo-TEM images does not match prior work, discussed in sections 2.3.3 and 2.1.4.
Furthermore, no dramatic structural transition occurred between with and without a
relaxation at 18 degrees Celsius. In fact, a dramatic structural transition was present
with and without relaxation of the 30 degrees Celsius images.
4.5 Solution Tunability
The temperature/shear rate switch can be tuned with a constant composition.
The average shear rate in the tube, calculated as
γ =
8v
D
(4.1)
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where v is the bulk velocity and D is the diameter of the tube, was plotted vs
the temperature at the sudden loss of drag reduction. The drag reduction data used
is the subset shown in figure 4.2. Also, the shear rate at the onset of the hump in
the viscosity curve was plotted vs temperatures. Both of these show a qualitatively
linear correlation. Of course, there is a broad distribution of shear rates in tube flow
(and a narrow distribution in couette flow). A better choice of tube shear rate and a
broader experimental range may tie these correlations together more strongly.
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Figure 4.19: 5 mM Arquad 16-50, 5 mM 3-chloro benzoic acid, 5 mM NaOH sudden
loss of drag reduction vs temperature
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Figure 4.20: 5 mM Arquad 16-50, 5 mM 3-chloro benzoic acid, 5 mM NaOH onset of
shear viscosity hump vs temperature.
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Chapter 5: Conclusions
1. A switchable, “smart” drag reducing solution was developed.
2. The switchable “3-chloro” solution shows a 70% change in drag reduction with
only a 0.01 gpm change of flow rate(hundreds of Re).
3. The switchable “3-chloro” solution shows a 70% change in drag reduction with
only a 0.1 degC change in temperature.
4. The switch happens in a matter of seconds.
5. A hump in the shear viscosity data correlates with the drop in drag reduction
data.
6. It is believed that with a better choice of tube shear rate, rheology data can,
for the first time, be used to predict surfactant drag reduction results.
7. It is believed that the “3-chloro” solution can be tuned by changing surfactant
molecular parameters (eg tail length) and counterion ratio to shift the “switch”
based on an individual system’s requirements.
8. It is believed that after developing drag reduction-rheology correlations and ex-
ploring the effect of molecular parameters on shifts in the drag reduction curves,
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a customer could approach us with a set of flow rate, tube diameter, temper-
ature, etc. conditions and this solution could be tuned to have optimal heat
transfer and drag reduction, and that this tuning can be done in a rheometer
(using a few mL samples) instead of in a drag reduction test loop (few L to 10
of L samples).
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